DNA sequencing data showed that five clinical isolates of Escherichia coli with reduced susceptibility to ceftazidime, ceftriaxone, and cefotaxime contain an ampC gene that is preceded by a strong promoter. Transcription from the strong promoter was 8-to 18-fold higher than that from the promoter from a susceptible isolate. RNA studies showed that mRNA stability does not play a role in the control of AmpC synthesis.
The chromosomal cephalosporinase gene, ampC, of Escherichia coli is regulated by a weak promoter (18) and a transcriptional attenuator (13) . Strains carrying the wild-type gene produce low basal amounts of AmpC and are inherently susceptible to ampicillin (15) . Occasionally, however, this enzyme is overproduced in E. coli and these strains are resistant to cefoxitin and have reduced susceptibilities to the newer ␤-lactams such as oxyiminocephalosporins (2, 3, 10, 11, 15) . Studies on the molecular basis of AmpC overproduction in E. coli have shown that some hyperproducers contain more than one copy of ampC (4, 5) , while others contain mutations in the regulatory region and/or attenuator of ampC, resulting in more efficient transcription of the structural gene (13) . Acquisition of a stronger promoter from Shigella spp. (13) or insertion of an insertion element containing promoter sequences (14) has also been proposed as the molecular basis of hyperproduction of AmpC in some E. coli strains.
During 1997, five nonrepetitive clinical isolates of E. coli, designated E1, E2, E3, E4, and E5, with antibiotic resistance profiles suggestive of the hyperproduction of AmpC were isolated from patients in hospitals in Cape Town, South Africa. Strain E1 was isolated from a patient in Victoria Hospital, Cape Town, and the remaining strains were from Groote Schuur Hospital, Cape Town. Two of the strains were isolated from urine, two were from wounds, and one was from an abscess. Isolation of the strains was sporadic, suggesting that they were not related to an outbreak. However, the isolates were not typed. Antibiotic disk susceptibility testing using National Committee for Clinical Laboratory Standards criteria (16, 17) showed that E1, E2, E3, E4, and E5 were resistant to cefoxitin and cefuroxime. Only one of the isolates (E2) showed reduced susceptibility to cefotaxime; the remainder were susceptible to this antibiotic. During the same period, a ␤-lactamsusceptible E. coli strain (E6) was isolated, and it was used as a susceptible isolate for comparisons. The MICs of ceftazidime, cefuroxime, ceftriaxone, and cefotaxime were determined by using E-strips (AB Biodisk, Solna, Sweden) and are presented in Table 1 . Each of the antibiotics was considerably less active against E1, E2, E3, E4, and E5 than against the susceptible isolate, E6. The ␤-lactamase content of the E. coli strains was not investigated.
DNA sequence analysis of the regulatory regions of ampC genes. By using primers, 5Ј-CTACGGTCTGGCTGCTA-3Ј and 5Ј-TGGAGCAAGAGGCGGTA-3Ј, which anneal to nucleotides Ϫ61 to Ϫ45 and ϩ92 to ϩ108 (12), respectively, of the region 5Ј of the structural ampC gene, the regulatory region of ampC was amplified by PCR and sequenced directly. The sequences corresponding to nucleotides Ϫ44 to ϩ91 (12) from E1, E2, E3, E4, E5, and E6 are shown in Fig. 1 . The sequences from the resistant strains (E1, E2, E3, E4, and E5) contain a T at Ϫ42, a G at Ϫ18, a T at Ϫ1, and a T at ϩ58, whereas C, A, T, and C are present in the corresponding positions in the sequence from susceptible strain E6. In addition, E3 contains a mutation in the attenuator at nucleotide ϩ20. The mutation at Ϫ42 changes a C to a T, creating a hexamer with perfect homology to the consensus Ϫ35 sequence (TTGACA) recognized by the major RNA polymerase (E 70 ) in E. coli (9) . The mutation at Ϫ18 (G3A) generates a consensus Ϫ10 hexamer (TATCGT) that is separated from the novel Ϫ35 hexamer by 17 bp, creating a strong promoter in the ampC regulatory region. In this respect, the promoters of the resistant strains are the same as those of clinical isolates of E. coli (C11 and C14 to C17) and Shigella sonnei that over express AmpC (18) . It was previously suggested that the E. coli strains had acquired the regulatory sequences from S. sonnei, generating a small E. coli subpopulation that contains the ampC regulatory region of Shigella spp., which have the potential to mutate to high levels of ampicillin resistance (18) . Although E. coli does not readily mutate to high-level ampicillin resistance (18) , the possibility that the mutations identified in the strains in this study resulted from antibiotic selective pressure, and not from the acquisition of sequences from Shigella spp., cannot be excluded. In this regard, the susceptible strain (E6), like E. coli K-12 (18) , contains a C in the wobble position of the second amino acid of the signal sequence (ϩ65). The E. coli hyperproducers in this study also contain a C at this position ( Fig. 1 ). However, a G is present at the corresponding position in the sequences from the E. coli hyperproducers (C11 and C14 to 17), the S. sonnei hyperproducers, and wild-type S. sonnei (18) .
It is interesting to speculate on the role of the other mutations (C3T at Ϫ1 and ϩ58, respectively) in the increased transcription of ampC. It has been shown that DNA sequences downstream of pause sites influence the pause half-life of RNA polymerase (8) and that a bound ribosome prevents the formation of stem-loop structures (19) . It may be that the C3T mutations at Ϫ1 and ϩ58, together with the attenuator, cause the RNA polymerase to pause, allowing the ribosome to stay close behind, thereby negating the formation of the attenuator stem and loop and facilitating transcriptional readthrough. Identical mutations were observed in the corresponding sequences from the E. coli hyperproducers C11 and C14 to C17 (18) . Interestingly, the sequence from E. coli C13 does not contain the mutations at Ϫ1 and ϩ58; rather, a mutation in the attenuator, which resulted in reduction of the thermodynamic strength of the formation of the stem-loop structure, was identified in this strain (18) .
Expression of ampC. To study further the expression from the strong promoters, the regulatory regions (nucleotides Ϫ61 to ϩ59) from E1, E2, E3, E4, E5, and E6 were amplified by using primers 5Ј-TCCGAATTCCTACGGTCTGGCTGCTA-3Ј and 5Ј-TTTGGATCCAGGGTCTGGTTTCCAT-3Ј, where the underscores represent EcoRI and BamHI restriction sites, respectively. These primers correspond to nucleotides Ϫ61 to Ϫ45 and ϩ44 to ϩ59 in the region upstream of ampC (12) . PCR products were purified by silica gel membrane spin columns (Qiagen), digested with EcoRI and BamHI, and cloned into similarly restricted pUC19 (20) in the orientation opposite to that of the lac promoter. Subsequently, a BamHI-SalI fragment encoding luciferase was restricted from pGEM-luc (Promega) and cloned downstream of the promoters previously ligated into pUC19. The constructs (pLucE1, pLucE2, pLucE3, pLucE4, pLucE5, and pLucE6) were expressed in E. coli DH5␣, and luciferase activity was measured. Cultures of E. coli were grown to mid-log phase (optical density at 600 nm, 0.7 to 0.8). One milliliter of cells was harvested, resuspended in 100 l of 25 mM Tris-HCl (pH 7.8)-2 mM EDTA-10% glycerol-1% Triton X-100, sonicated in a Branson water bath sonicator for 20 s, and placed on ice for 20 s. Sonication and cooling were repeated, after which, the lysate was centrifuged for 5 min at 14,000 ϫ g. The supernatant was collected, and the protein concentration was determined by using a Bio-Rad DC protein assay. Luciferase activity was measured in a BioOrbit 1253 luminometer after 100 l of luciferin (Promega) had been mixed with 20 l of cell extract.
Constructs containing the regulatory sequences from the hyperproducers (pLucE1, pLucE2, pLucE3, pLucE4, and pLucE5) resulted in 8-to 18-fold increases in luciferase activity, compared to that obtained with a pLuc construct (pLucE6) containing the regulatory sequences from the susceptible isolate.
DNA-RNA hybridizations. To study the stability of the ampC transcript, the degradation of the mRNA species after the addition of rifampin was examined. Total RNA was extracted (7) , and 15 g was electrophoresed in 1.2% agarose-0.66 M formaldehyde with 40 mM morpholinepropanesulfonic acid-10 mM sodium acetate-1 mM EDTA (pH 7.7) and transferred to Hybond Nϩ (Amersham International) in 20ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). Primers 5Ј-TACTGGCGTGCTTGGTG-3Ј and 5ЈGACTCTCGCTGG ATTGG-3Ј, corresponding to nucleotides ϩ314 to ϩ330 and ϩ1141 to ϩ1157, respectively, were used to amplify an 844-bp internal portion of ampC (12) . The amplicon was purified by using a Qiagen spin column and labelled with [␣-32 P]dCTP using Ready-To-Go DNA Labelling Beads (Pharmacia Biotech). Similarly, an internal fragment of the 16S rRNA gene of E. coli was amplified by using the universal primers (6) and labelled. The prehybridization and hybridization procedures used and the conditions used for posthybridization washes were those recommended by the manufacturer of Hybond.
When the membranes were probed with an internal portion of ampC, no transcripts were detected in the susceptible isolate, E6; however, a strong signal with the 16S rRNA probe was obtained with RNA from this strain (Fig. 2) , indicating that RNA had been transferred to the membrane. The ampC probe hybridized to a transcript of the expected size (1.2 kb) in each of the resistant strains (Fig. 2) , signifying an increase in the rate of transcription of ampC in the hyperproducers. The sig- The sequences from E. coli K-12, hyperproducing strains C14 to C17, susceptible S. sonnei OS10, and hyperproducing S. sonnei OS112 are from reference 13. There is a dot above the sequence every 20 nucleotides. Identical nucleotides are indicated by dashes. Nucleotides that differ from the sequences from the susceptible E. coli strains (K-12 and E6) are in lowercase. The prototype Ϫ35 and Ϫ10 regions are in boldface lettering, and the attenuator is indicated by the arrows. The initiation codon is underlined, and the three-letter amino acid code is directly below the partial sequence of the signal peptide. nal obtained with RNAs from E1, E3, and E4 was more intense than the signal obtained with the RNAs from E2 and E5, suggesting a greater abundance of ampC transcripts in the total RNAs isolated from E1, E3, and E5. However, this did not affect the level of ␤-lactam resistance. The amounts of transcripts began to decrease immediately after the addition of rifampin. Four minutes after the addition of this antibiotic, the signal was barely visible (Fig. 2) , indicating that the half-life of the ampC transcript was typical of E. coli messages (1). These studies show that mRNA stability is not responsible for the increase in AmpC, implying that the gene is transcriptionally regulated.
In conclusion, we have shown that the mechanism of cephalosporin resistance in five clinical isolates of E. coli from hospitals in Cape Town, South Africa, is due to increased transcription of ampC.
Nucleotide sequence accession numbers. The sequences from E1 to E5 have been deposited in GenBank under accession no. BankIt247416 AF119769, BankIt247443 AF119770, BankIt247445 AF119771, BankIt247446 AF119772, and BankIt 247447 AF119773, respectively.
